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1 Introduction
In 2019, after decades of effort by an international team, the Event Horizon Telescope (EHT)
Collaboration presented the first image of a black hole [11, 12, 13, 14, 15, 16]. The impact
of this release, both scientifically and among the public, was extraordinary and felt around
the globe. The capability to image black holes on event horizon scales enables entirely
new tests of General Relativity (GR) near a black hole and opens a direct window into
the astrophysical processes that drive accretion, flaring, and jet genesis. The EHT image,
revealing the supermassive black hole (SMBH) in M87, was captured using a global very-long-
baseline interferometry (VLBI) network operating at 230GHz [12]. Taking the next steps
towards precise tests of GR and time-domain studies of accretion flows will require sharper
resolution, higher observing frequencies, and faster sampling of interferometric baselines.
The angular resolution of ground-based VLBI is approaching fundamental limits. In-
terferometer baseline lengths are currently limited to the diameter of the Earth, imposing
a corresponding resolution limit for a ground array of ∼22µas at an observing frequency
of 230GHz. Observations at higher frequencies can improve the resolution but become in-
creasingly challenging because of strong atmospheric absorption and rapid phase variations,
severely limiting the number of suitable ground sites and the windows of simultaneous good
weather at many global locations.
The extension of the EHT into space with the addition of a single orbiting element would
circumvent these limitations and enable a wealth of new scientific possibilities:
• The high time resolution afforded by the rapid (u, v)-filling will enable reconstructed
movies of black hole accretion flows.
• The improved resolution will increase the number of spatially resolvable black hole
shadows to dozens, yielding a corresponding number of black hole mass measurements.
• Sharper images will reveal turbulent plasma dynamics, allowing further study of the
crucial role magnetic fields play in black hole feeding and in jet launching.
The highest operating frequency of space-VLBI to date is 25 GHz (with RadioAstron),
and a number of technical challenges must be overcome to access significantly higher frequen-
cies. These challenges would be mitigated by anchoring an orbiting element to the highly
sensitive elements in the EHT such as ALMA, the LMT, and NOEMA, permitting the use
of a modest aperture (of ∼3-meter size) in space and reducing costs. In this white paper,
we present a conceptual mission design for a first such submillimeter space mission, which
we expect to fall within the medium cost category of the Astro2020 survey. A companion
white paper details the concurrent expansion of the EHT ground array.
2 Key science goals
We review the key science drivers for submillimeter space-VLBI. For additional details, see
[27], [17], and [33].
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Figure 1: Left: 230 GHz baseline coverage of Sgr A∗ of the EHT2020 array with and without
a polar LEO over 45 minutes. Right: Same as left, over a full day. In both cases, the addition
of the polar LEO dramatically improves the baseline coverage.
2.1 Improved baseline coverage: images and movies of Sgr A∗
Measuring the shape and diameter of the black hole shadow in Sgr A∗ would provide a null
hypothesis test of GR [29] and would yield precise constraints on the surrounding spacetime
and the possibility for black hole alternatives. However, the relatively small mass of this
black hole [4.1× 106M; 19] results in correspondingly short dynamical timescales (of order
ten minutes) for the system, and the current EHT array lacks sufficient baseline coverage to
form images on these timescales.
The addition of a Low-Earth Orbit (LEO) dish to the EHT array would provide sufficient
instantaneous (u, v)-coverage to be sensitive to the .1 hour dynamical timescales of Sgr A∗
[27]. When observing in tandem with ground-based stations, a LEO station accrues coverage
in one 45-minute half-orbit comparable to a full night of observation with the expanded EHT
array expected for 2020 (EHT2020), as shown in Figure 1.
Figure 2 shows static images of a GRMHD simulation of Sgr A∗ formed on half-orbit
timescales for the EHT2020 with and without a LEO co-observing [6, 7, 8]. A LEO orbiter
enables reconstruction of the black hole shadow and fine wisps of plasma on single half-orbit
timescales.
However, the evolutionary timescale of Sgr A* may not permit static imaging, even over
a period as short as 45 minutes. However, the combined (u, v)-plane filling rate provided by
a LEO contribution to the EHT array also enables high-fidelity dynamical imaging of Sgr A∗
[27, 3, 21]. Figure 3 shows dynamical reconstructions of the same GRMHD simulation using
the EHT2020 and EHT2020+LEO arrays. The rapid baseline sampling of the orbiter is
necessary to recover complex structure in an evolving accretion flow.
Reconstructed movies of Sgr A∗ would elucidate the nature of coherent orbiting features
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Figure 2: Left column: a ray-traced snapshot from a 40 degree inclined GRMHD simulation
of Sgr A∗ [8], blurred by the ensemble average scattering kernel at 230 and 345 GHz [22].
Center, Right columns: reconstructions with the EHT2020 and EHT2020+LEO arrays using
45 minutes of synthetic data. Normalized root-mean-square error (NRMSE) is shown relative
to the blurred true image. A single Low Earth Orbiter enables successful reconstruction of
the black hole shadow and diffuse plasma features, while the ground arrays have insufficient
instantaneous (u, v) coverage in this short interval. As discussed in [27], sparser sampling at
345 GHz worsens reconstructions that use very brief observations.
such as “hotspots”∗ [18] and the origin of the flaring events observed to occur approximately
daily across many wavebands [24, 39]. A large (u, v)-plane filling fraction will also enable
robust modeling in the visibility domain [4, 18], allowing measurements of both the radius
and period of very compact orbits.
2.2 Improved resolution: dozens of spatially resolved black holes
While adding a LEO station to the EHT array would not substantially increase the available
physical lengths of baselines, it could improve the angular resolution by extending the ob-
serving frequency from 230 GHz up to 690 GHz. For Earth-diameter baselines, the angular
resolution improves from ∼20µas at 230 GHz to ∼7µas at 690 GHz. Even with just two
ground stations co-observing with the orbiter, the left panel of Figure 4 shows that a LEO
station observing at 690 GHz could accumulate a comparable (u, v)-plane filling fraction to
the current (ground-based) EHT array operating at 230 GHz. Imaging with the 690 GHz
coverage alone would thus provide improved resolution, albeit with a limited dynamic range.
∗By “hotspot,” we refer generically to any luminous and compact region on a short–period orbit.
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Figure 3: 345 GHz Starwarps reconstructions of an ensemble-average scattered [22] GRMHD
simulation [8] of SgrA* with the EHT2020 and EHT2020+LEO arrays (matching the sim-
ulation in in Figure 2). The normalized root-mean-square error relative to the blurred true
image is quoted at the bottom of each panel, showing pixel-wise accuracy for each recon-
struction. Frames from the reconstruction are shown every 250M, where M is the black hole
mass expressed as unit of time via tM = GM/c3. The improved baseline coverage of the
expanded and space-enabled array yield a sharp reconstruction of the black hole shadow, as
well as diffuse extended plasma features, while the current ground array produces images
dominated by artifacts that do not accurately localize the peak of emission. For additional
details, see Palumbo et al. [27].
In addition, with a LEO station operating at very high frequencies and able to perform ob-
servations across a wide range of baseline lengths, we expect to sample the power spectrum
of the turbulent accretion flow on very fine spatial scales, for the first time observation-
ally testing our understanding of the magnetorotational instability and angular momentum
transport in the inner part of the accretion disks [1, 20, 38].
Finer angular resolution also provides access to additional targets with spatially resolved
black hole shadows. Given a uniform distribution of SMBHs in flat space, we expect the
number of sources that can be resolved (N) to increase roughly as the cube of the maximum
(u, v)-distance. At∼7µas angular resolution, the number of known SMBHs that are expected
to have resolvable black hole shadows will increase from N ≈ 2 (Sgr A∗ and M87) to N & 20
(see right panel of Figure 4).† Each spatially resolved shadow provides a corresponding black
†This number accounts only for those SMBHs with well-measured masses from [36], and so represents a rough
lower limit on the number of sources with spatially resolvable black hole shadows. Synchrotron opacity will
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Figure 4: Left : Sgr A∗ baseline coverage of the ALMA-SPT-LEO subarray at 690 GHz, with
points shown every minute over the course of 24 hours. Right : 230–690 GHz flux versus
black hole shadow size for SMBHs with known masses; fluxes have been taken from the
NASA/IPAC Extragalactic Database, and masses were tabulated by [36]. Minimum fringe
spacings at different observing frequencies are shown as vertical dashed lines.
hole mass-to-distance ratio estimate, a constraint on the black hole spin, and an additional
opportunity to study SMBH accretion flow and jet physics on horizon scales.
3 Technical Overview
The sensitivity of an interferometric baseline depends on the geometric mean of the two
telescope sensitivities, the recorded bandwidth, and the coherent integration time. The first
property allows small telescopes (e.g., an orbiter) to form sensitive baselines when paired
with a large telescope (e.g., ALMA). The second allows digital enhancements (e.g., wider
recorded bandwidths) to offset limitations in telescope sensitivity. The third ties sensitivity
to phase stability, which is limited by the atmosphere and reference frequency.
The RMS noise on a VLBI baseline is σRMS = η−1Q
√
(SEFD1 × SEFD2)/(2 ∆ν T ), where
SEFD1 and SEFD1 are the system-equivalent flux densities (system noise in units of effective
flux above the atmosphere) of each antenna, ∆ν and T are the integration bandwidth and
time respectively, and ηQ ≈ 0.88 is a loss factor for 2-bit quantization.
For Sgr A∗, the flux density currently seen on the longest EHT baselines is ∼100 mJy
[23], guiding sensitivity requirements for an orbiter. To maintain a S/N of 4 over 32 GHz
(averaging two polarizations) and 5-seconds of integration (sufficient to track rapid atmo-
spheric phase at 230GHz), an orbiter–anchor station baseline would require an orbiter SEFD
less than 6.2× 106 (ALMA), 1.7× 106 (NOEMA), 3.3× 105 (IRAM30m), 5.8× 105 (LMT),
and 1.6× 105 (SMA) to connect successfully to one of the anchor stations in Table 1. Once
preclude horizon-scale observations for some sources, but the opacity decreases with increasing frequency.
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Figure 5: Sensitivity for a single LEO
satellite on a baseline to ALMA as a
function of the orbiter SEFD and aggre-
gate bandwidth. Colored regions show ex-
pected sensitivity requirements for fringe
detections for Sgr A∗ and M87 (see §3 for
details). With the current bandwidth of
the EHT, a 3.5-meter orbiter would have
ample sensitivity for strong detections at
230 and 345GHz. At 690GHz, detections
would require a larger dish or longer in-
tegration times, which may be possible
with simultaneous multi-frequency obser-
vations.
phase referenced to the anchor station, the orbiter could also connect to other smaller dishes
in a ground array through further coherent averaging.
Once the required sensitivity for the orbiter is understood, we can conduct trade studies
to determine the instrumentation requirements (see Figure 5). Selecting technology that is
either presently available or on a near-term development path, the satellite is envisioned to
have a 3 - 4 meter dish and will process two polarizations of two 8 GHz bands of data at 230
GHz, 345 GHz, or 690 GHz. Next, we will discuss the details of the instrument subsystems.
4 Technical Drivers
Most technical elements of a VLBI satellite are independent of the specific orbital geometry.
We now discuss the current status and development trajectories for these common elements,
summarized in Figure 6. These include the antenna (§4.1), receiver (§4.2), digital processing
system (§4.3), timing reference (§4.4), on-board storage and downlink (§4.5), and bus (§4.6).
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Surface SEFD (Jy)
Telescope Aperture rms (µm) 86 GHz 230 GHz 345 GHz 690 GHz
ALMA 54 × 12m 25 33 51 128 1017
NOEMA 12 × 15m 35 80 188 586 . . .
LMT 50m 80 143 563 2590 . . .
IRAM30m 30m 55 365 962 2685 . . .
SMA 8× 6m 20 . . . 2030 4820 . . .
GBT 100m 300 118 . . . . . . . . .
ngVLA (full) 214× 18m 160 7.4 . . . . . . . . .
ngVLA (compact) 94× 18m 160 17 . . . . . . . . .
Space 3.5m 15 21600 36600 113000 260000
Table 1: Existing and future planned large ground facilities that could serve as anchor sta-
tions for a space antenna. For the sensitivity estimates, we have assumed observations at 45
degree elevation, with zenith opacity of 0.05 (ALMA, SMA), 0.09 (NOEMA, IRAM30m, 0.13
(LMT) at 230 GHz, and 0.05 (GBT, and the planned ngVLA [34]) at 86 GHz. Additional
beam efficiency of 0.7 was assumed for all sites, except for 0.8 at SMA and a hypothet-
ical 3.5m Space orbiter. Receiver temperatures are taken from stations specifications or
projections. Receiver temperatures for the Space antenna are based on maturing HEMT
technology and are listed in subsection 4.2.
Data Processing System 
3-meter 
Dish
Receiver 
with 
Cooling 
Block 
Down 
Converter
Digital 
Back End
Storage/ 
Downlink
Timing Ref.GPS
Rigid or foldable
Foldable dish requires 
development from TRL-4
Rigid similar to Herschel
HEMT-based systems maturing 
quickly
Ground-based prototype in development
Space-rated OCXO’s commercially available. 
Space-qualified packaging and frequency-
stabilizing feedback requires development
Commercially available high-capacity SSDs
>200 Gbps downlink to be demonstrated by 
NASA TBIRD 2020
Figure 6: Space-VLBI instrument for a LEO orbiter with a summary of component devel-
opment state.
4.1 Antenna
Observing weak sources requires large antenna apertures; however, because anchoring to an
Earth-based dish allows for a relatively small reflector in space, the aperture size requirement
of 3 - 4 meters is grounded in what’s technologically realistic in the near-term. Spacecraft
and launch vehicle constraints, not yet determined, define the requirement of size at launch.
We review the technology for both a fixed dish, which would require a dedicated launch
vehicle, and a deployable dish.
The Herschel satellite flew a fixed 3.5-m antenna with <6 micron surface accuracy [28],
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sufficient for 230, 345, or 690 GHz operation. A similar concept was developed by Northrup-
Grumman Innovation Systems, with a 2-m prototype tested successfully in a balloon launch.
Extending to 3.5 meters will require retooling, but the path to build is well understood.
If the launch volume is limited, the precision solid surface reflector segments and support-
ing structure must be collapsed for launch and deployed once in orbit. Large deployable mesh
reflectors operating <40 GHz have significant flight heritage [26], but deployable reflectors
operating at >200 GHz present two new challenges. First, operation at these higher fre-
quencies will require RMS surface accuracy of <20 microns, a level previously unattained in
heritage systems. Second, solid surface deployable reflectors will require different, unproven,
methods of collapsing the reflector. High-Strain Composite (HSC) precision deployable struc-
tures could be used to achieve the precision and alternate deployment approaches with lower
size, weight and power than existing technology, and can deploy to within 2.5 microns of
their previous position[10]. This technology, currently at Technology Readiness Level (TRL)
4, could be matured for flight in 3-5 years.
4.2 Receiver
In general, sub-millimeter receivers sensitive enough for VLBI observations require cryogenic
cooling. In space, cooling to 50 K is routine using a mature single-stage Stirling cooler [9]
and is a reasonable target for a near-term mission. That temperature range prohibits using
superconducting-insulator-superconductor (SIS) mixers and instead points to the use of high
electron mobility transistor (HEMT) technology. Quickly-maturing research-grade devices
exist for 230, 345, and 690 GHz bands with noise temperatures of 100 [31], 300 [30, 9], and
600 K [30, 9], respectively. Additionally, at frequencies above 345 GHz, cooled Schottky
diode receivers might be suitable and have flown previously [25].
4.3 Digital Processing System
The digital processing system (DPS) is required to convert two 8 GHz analog intermediate
frequency (IF) signals into digital packets for downlink. The DPS consists of block downcon-
verter (BDC) and a digital backend (DBE). The DBE has two Analog to Digital Converters
(ADCs) and a Field Programmable Gate Array (FPGA). Nyquist sampling of 8 GHz requires
that the ADC samples at 16 GSps. With four bit samples, this is 128 Gbps on the FPGA
input quantized to >64 Gbps (including packet overhead) on the output. While quantization
and packetization require minimal processing, the high data throughput means selecting a
high-performance FPGA.
Current ground systems run at 8 Gbps to process two 2-GHz bands [37]. A new system
designed to take advantage of progress made in FPGA and ADC technologies will run at
128 Gbps to process four 8-GHz bands, with a prototype expected within a year. This can
be deployed as is to the ground-based system; to use in space will require a redesign of
the board for space qualification and to reduce power consumption. The ADC chips and
other components have corresponding space versions. Advances have been made in radiation
tolerant high-performance FPGAs, with the Xilinx Kintex Ultrascale FPGA providing high
data rates in a space-qualified part.
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The pathway from the ground-based DPS to a space-ready design is well-understood and
is estimated to take three years.
4.4 Timing reference
VLBI requires an extremely stable time reference. The precise specifications required are
governed by the observing frequency, the integration time, and the tolerance for phase deco-
herence. Current ground-based arrays deploy hydrogen masers for this purpose. At 300 GHz
observing frequency, a hydrogen maser has adequate phase stability of a part in 1015 or better,
corresponding to coherence losses at 345 GHz less than 5%, on timescales up to 100 s [35].
Hydrogen masers have flight heritage but are large (approx. 35 kg; [2]) and require
significant power (approx. 100 W; [5]). High-performance oven-controlled quartz crystal
oscillators (OCXO) are small and power efficient, and in laboratory environments, their
short-term stability approaches what is needed for VLBI. However, current space-qualified
OCXO devices don’t meet the requirements, so development of the packaging and frequency-
stabilizing feedback is needed if they are to be used as an orbiting VLBI time reference.
We estimate that OCXO development for space could be completed within two years.
4.5 Storage/Downlink
Packets will be generated at 64 Gbps from the DBE. Assuming a LEO orbit and a 1/2 duty
cycle, this results in approximately 22 TB of data per orbit to be handled by a combination
of downlink and onboard storage.
Downlink technology is currently available via laser communication at >100 Gbps. The
NASA TBIRD (TeraByte InfraRed Delivery) design is based on commercially-available,
highly-integrated 100 Gbps modems, multiplexed into the single telescope using commercially-
available wavelength-division-multiplexing fibers, so the downlink speed is configurable to
multiple 100’s of Gbps at the cost of power and weight. A TBIRD system that will deliver
bursts of 200 Gbps to a single ground terminal from a LEO CubeSat is being prepared for
a 2020 flight [32]. The ground terminals will be small and easily deployable so that several
can be fielded, thus increasing the frequency of both seeing the LEO pass over and having a
cloud-free line of sight.
For high capacity on-board storage, solid state recorders are available today with 1 TB
offered in chewing-gum-sized packages. These are easily multiplexed to much higher data
volumes.
4.6 Bus Considerations: Pointing and positional accuracy
VLBI requires that the source be well-localized within the primary beam of each single radio
telescope dish. For a 3.5-meter dish diameter, 1.3mm observing wavelength, and a pointing
requirement to within ∼10% of the beam width, this gives δθ . 8”, which is readily provided
through independent optical star-tracking.
Antenna position and velocity must be known in order to coherently average the cor-
related signal across finite bandwidth and time. Initial searches are conducted with wide
search windows in the associated delay, delay-rate, and acceleration, with residual values
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being used to refine orbit determination, as is currently done for RadioAstron [40]. Delay
windows of ∼few µs (∼km in distance along line-of-sight) are routinely fit in high-bandwidth
VLBI post-processing, as well as delay-rate windows of ∼few ps/s (∼mm/s). For integra-
tions along Earth orbit, there are often residual acceleration terms which need to be fit as
well. This is computationally demanding, but adds a level of complexity that is similar to
that required to fit the unknown velocity.
5 Outlook
Expansion of the EHT in the coming decade will include both extending the existing ground
array, as detailed in a companion white paper, and adding at least one site in space. Though
technological considerations differ, these two goals fall under one mission concept: to build
on the success of the current EHT and expand spatially resolved studies of black holes.
A space based antenna in LEO would enable routine observations at 345 and 690 GHz.
Operation of the EHT array at higher frequency would permit imaging of dozens of addi-
tional black holes. It would also enable higher precision measurements of the photon ring in
targets already observed by EHT, as well as finer-resolution studies of the turbulent plasma
surrounding the black hole. Relative to 230 GHz observations, these higher frequencies have
lower synchrotron opacity and, for Sgr A∗, sharply reduced interstellar scattering.
The position of an antenna in LEO changes rapidly compared to the usual changes in
VLBI antenna positions driven by the rotation of the Earth. Baselines to an LEO an-
tenna thus sweep rapidly through the (u, v)-plane, providing sufficient coverage on short
timescales to reconstruct images of Sgr A∗ on its dynamical timescale. The combination of
higher observing frequencies and faster baseline sampling—unique to an orbiting VLBI array
element—will thus permit time-resolved studies of the Galactic Center and precision tests
of general relativity.
While we have not identified any fundamental obstacles in the subsystem technology
development paths, all system components require further work on the scale of 2 to 5 years
to be ready for a space extension to the EHT. The technical development toward launching
an exploratory high-frequency VLBI orbiter in LEO would lay the path for future expansions
of the array into medium Earth orbit (MEO; bmax ≈ 1–3D⊕) or geosynchronous orbit (GEO;
bmax ≈ 3D⊕), enabling a further factor of ∼3 increase in angular resolution, and providing
a space VLBI network for multi-wavelength µas-scale imaging.
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